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Precooled phase shifters can significantly enhance the phase shift effect and further improve the perfor¬ 
mance of pulse tube cryocoolers. A separate three-stage Stirling pulse tube cryocooler (SPTC) with a cold 
inertance tube was designed and fabricated. Helium-4 instead of the rare helium-3 was used as the work¬ 
ing fluid. The cryocooler reached a bottom temperature of 4.97 K with a net cooling power of 25 mW at 
6.0 K. The operating frequency was 29.9 Hz and the charging pressure was 0.91 MPa. It is the first time a 
refrigeration temperature below the critical point of helium-4 was obtained in a three-stage Stirling pulse 
tube cryocooler. 

© 2011 Elsevier Ltd. All rights reserved. 


1. Introduction 

The space applications of compact cryocoolers have been ex¬ 
tended to sub-10 I< in order to meet the cooling requirements for 
mid-infrared instruments, low-Tc electronics and other applications 
[ 1 ]. The Stirling pulse tube cryocooler is a promising candidate for its 
advantages of high reliability, low vibration, and easy stage coupling 
due to the lack of moving parts [2] at low temperatures. Multistage 
structures have to be applied in order to achieve the low tempera¬ 
tures required to intercept the regenerator losses of upper stages. 
Although helium-3 can significantly decrease regenerator losses 
[3,4] because of its superior properties at low temperatures, it is rare 
and expensive. Until recently, Stirling pulse tube cryocoolers with 
three stages [5] or even four stages [4] using helium-4 have never 
achieved liquid-helium temperatures, mainly because of the diffi¬ 
culty of phase shifting with a small acoustic power. It is important 
to further improve the cooling performance and simplify the struc¬ 
ture of the cryocooler in particular for space applications. We have 
found that it is possible to reach temperatures below 4.2 I< with suf¬ 
ficient precooling and efficient phase shifting [6]. This paper pre¬ 
sents the experiment results, which verify the phase shifting 
effectiveness of a cold inertance tube. 
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2. Three-stage structure 

A separate three-stage SPTC [7] (Fig. 1) has been designed and 
constructed. The three stages are thermally coupled with three 
thermal bridges (TB (1-2), TB (1-3), TB (2-3)); a design that pro¬ 
vides the advantages of less interference amongst the stages, and 
independent operating parameters (e.g. frequency and charging 
pressure) for better performance. The regenerator generates a 
small amount of enthalpy flow due to imperfect regeneration, 
which adds to the heat load of the cold end and degrades the per¬ 
formance. The enthalpy flow can be intercepted by precooling, that 
may improve the performance. The heat load is intercepted by the 
thermal bridge TB (1-2) for the second stage and intercepted by 
the thermal bridges TB (1-3) and TB (2-3) for the third stage at dif¬ 
ferent temperature ranges. 

3. Phase shift analysis 

The phase shifter, generally located at the hot end of the pulse 
tube, shifts the phases of the mass flow and pressure waves, allow¬ 
ing the mass flow to lag the pressure wave. An optimized phase 
relationship means that the mass flow and pressure waves in the 
midpoint of the regenerator are nearly in phase, and that the phase 
span of the mass flow in the regenerator is not too large [8]. Such a 
relationship decreases the mass flow amplitude for a fixed PV 
power, thereby decreasing the regenerator loss [9]. 

Inertance tubes serve as an efficient phase shifter for the SPTC, 
in which the oscillating gas shifts the phase relationship between 
the mass flow and pressure waves due to the inertia effect [10]. 
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Fig. 1 . Sketch of the three-stage Stirling pulse tube cryocooler. 


The phase shifting capability depends on the PV power into the 
inertance tube. With the optimization calculation based on the 
transmission line model [11], a PV power of 10 W may generate 
a phase shift of over 25° at 30 Hz with 1 MPa, while only a 5° phase 
shift can be generated for 1 W (Fig. 2). 



Fig. 2. Maximum phase shift as a function of the PV power into the inertance tube. 


The PV power into the inertance tube for a sub-10 K SPTC is 
usually small. The PV power in the regenerator proportionally de¬ 
creases with the temperature as the specific volume decreases, and 
further decreases approximately in half again because of frictional 
losses. The pressure amplitude also decreases about 50% due to 
frictional losses. For example, the PV power of 60 W from the pres¬ 
sure oscillator (300 K) decreases to about 0.5 W at the cold end 
(5 K), and a pressure ratio of 1.4 at the pressure oscillator decreases 
to about 1.2 at the cold end. In contrast, the PV power and the pres¬ 
sure ratio remain essentially constant from the cold end to the inlet 
of the inertance tube. At this low power, the maximum possible 
phase shift (Fig. 2) is far from the desired value for an inertance 
tube working at ambient temperature. Fortunately, the phase shift¬ 
ing capability can be improved by decreasing the temperature of 
the inertance tube[12,13]. The maximum phase shift is over 60° 
at 20 K even for a PV power of 0.5 W (Fig. 3). The improvement 
is attributed to the increase of density and the decrease of viscosity 
at low temperatures [6,14]. 

The third stage is designed to operate with an input PV power of 
60 W, which decreases to about 0.5 W at the cold end when operated 
at 5 K. The desired phase shift can be achieved only with cold phase 
shifting. An optimized series-connected inertance tube of 
2.0 mm x 0.91 m (inner diameter by length) and 3.0 mm x 1.21 m, 
with the larger one connected to a reservoir of 50 cm 3 , provides a 
phase shift of about 65° at 20 K, which is favorable for the cooler. 
The pressure ratio is about 1.18 at the inlet of the inertance tube. 
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Fig. 3. Maximum phase shift for optimized inertance tube as a function of working 
temperature. 

4. Experiment results and discussion 

The first and second stages were driven with one pressure oscil¬ 
lator working at 40 Hz and a charge pressure of 2 MPa, while the 
third stage was driven with another pressure oscillator working at 
about 30 Hz and a charge pressure of 1 MPa, which allows an inde¬ 
pendent optimization of the third stage. Four calibrated piezoresis- 
tive pressure sensors were used to measure the pressure at the 
aftercoolers and warm heat exchangers. Nine calibrated thermome¬ 
ters were used to measure the temperatures. Cernox thermometers, 
Rhodium-iron resistance thermometers and Platinum resistance 
thermometers were used for temperatures below 10 K, 10-80 K 
and above 80 K, with sensitivities of 0.01 K, 0.1 K, and 0.1 K, respec¬ 
tively. Thermometers arranged along the thermal bridges were used 
to measure the precooling heat flows. Resistance heaters were used 
for measuring the cooling capacity of each stage. 

The preliminary test shows that a lowest temperature of 4.97 K 
has been achieved (Fig. 4). A cooling power of 25 mW at 6.0 K was 
obtained with an input electrical power of 100 W to the third stage. 
Note that the PV power at the after cooler was estimated to be 
about 60 W because of the low efficiency of the pressure oscillator 
(about 70%) and the long connecting tube (0.5 m). The working fre¬ 
quency was 29.9 Hz and the charging pressure was 0.91 MPa. The 
first stage provided a precooling temperature of about 95 K (T12 
and T13); the second stage provided a precooling temperature of 




T23 (K) 

Fig. 5. Effect of precooling on the bottom temperature for the three-stage SPTC. 

23.7 I< (T23) with a precooling power of 1.97 W. The input electri¬ 
cal power to the first and second stages was 850 W. 

Increasing the precooling temperature (T23) decreases the phase 
shifting capability of the third stage, which degrades the perfor¬ 
mance of the third stage. The no-load temperature (T3) increased 
by 1.43 K as the precooling temperature (T23) went up from 23.7 K 
to 27.0 K (Fig. 5). The precooling temperature (T23) also influences 
the performance of the regenerator and pulse tube of the third stage 
directly. As T23 increases, the temperature gradient grows larger, 
and the performance of the regenerator and pulse tube decreases. 
The effect is not significant, and can be likened to a two stage SPTC 
with ambient phase shifting [15]. 

For a wider range of investigation, the optimization of the first 
and second stages will be carried out in the near future. Mean¬ 
while, a further investigation of the precooling effect, including a 
measurement of mass flow and pressure in the phase shifter, will 
be performed. 

5. Conclusions 

We have demonstrated that a three-stage SPTC with a cold 
phase shifter can achieve a temperature below the critical point 
of helium-4. The temperatures of the three stages are 94.0 K, 
23.7 I< and 4.97 K, respectively. The inertance tube and reservoir 
of the third stage was precooled by the second stage. Efficient 
phase shifting has been achieved even with a small PV power of 
about 0.5 W. The precooling temperature significantly influences 
the phase shift because both the density and viscosity vary with 
the temperature, and the influence is reflected by the no-load tem¬ 
perature of the third stage. Further investigation into the precool¬ 
ing phenomena will be carried out. 
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